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IMPROVEMENTS IN AND RELATING TO NUCLEAR FUEL ASSEMBLIES 

This invention concerns improvements in and relating to 
nuclear fuel assemblies with particular emphasis on assemblies 
incorporating mixed oxide fuels. 

Mixed oxide (MOX) incorporating assemblies are 
increasingly being used in nuclear reactors, particularly 
LWR's. The mechanical design of the fuel assemblies for MOX 
fuels have, however, to date mirrored the mechanical design of 
fuel assemblies used for U0 2 fuels. This does provide benefits 
in terms of assembly manufacturing costs and a lack of 
deviation from regulatory approved systems but brings 
significant disadvantages which stem from the inherently 
different natures of the fuels. 

MOX assemblies must be carefully designed to avoid power 
peaking problems at the periphery of the assembly and as a 
consequence of this techniques have been developed in which 
different enrichments of the MOX fuel are used in different 
zones; generally lower enrichments at the edge and still lower 
enrichments in the corners. These techniques counter problems 
incorporated in the operation of the fuel assembly, but 
complicate its manufacture. The most significant element of 
the cost of a fuel assembly is the cost of the fuel 
manufacturing process. Different enrichments complicate the 
production for an assembly and require several days of downtime 
whilst a production line is cleaned and converted to the new 
enrichment . 

The present invention aims to provide a simpler to 
construct, cheaper to manufacture fuel assembly which is also 
operationally superior in the reactor core. 

According to a first aspect of the invention we provide 
a fuel assembly for a nuclear reactor in which the fuel 
assembly comprises a plurality of fuel rods, at least two 
different diameters of fuel rod being provided. 

It is preferred that two, three or four different 
diameters of fuel rod be provided, although higher numbers can 
be used. 
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Preferably the diameters are equivalent to or less than 
the normal diameter fuel rod for the assembly type in question. 

Preferably the largest diameter fuel rod type, which may 
be smaller than normal, comprises between 10 and 95% of the 
fuel rods in the assembly. Preferably the largest size of fuel 
rods provide between 50 and 90% of the fuel rods in the 
assembly, and more preferably between 60 and 80% of the fuel 
rods in the assembly. Ideally, between 65 and 75% of the fuel 
rods in the assembly are of the largest type. The other fuel 
rods in the assembly may be of one or more smaller sizes. 

The smallest size fuel rod type may comprise between 1 

fuel rod and 12% of the fuel rods, or preferably between 0,3 

■« » ■« 

and 8% of the fuel rods, in the assembly. Preferably between 
1.4 and 4.2% of the fuel rods in the assembly are of the 
smallest type. 

The fuel assembly may be provided with be tween 5 and 75% 
of fuel rods of an intermediate size or sizes. It is preferred 
that the intermediate size or sizes fuel rods form between 10 
and 40% of the fuel rods, and more preferably between 15 and 
30% of the fuel rods. 

In particularly preferred embodiments the smallest size 
fuel rod provides between 1 and 3% of the fuel rods, the 
intermediate size provides between 15 and 30% of the fuel rods 
and the remaining fuel rods are of the largest size. 

In a fuel assembly formed of a 17 x 17 array, it is 
preferred that between 1 and 12 of the fuel rods are of the 
smallest type, between 30 and 150 of the fuel rods are of an 
intermediate type or types, that between 100 and 250 of the 
fuel rods are of the largest type, the total number of fuel 
rods being equal to or less than 289, the balance being made up 
of guide tubes and / or instrument tubes. 

In a fuel assembly formed of a 14 x 14 array, it is 
preferred that between 1 and 12 of the fuel rods are of the 
smallest type, between 24 and 120 of the fuel rods are of an 
intermediate type or types, that between 80 and 196 of the fuel 
rods are of the largest type, the total number of fuel rods 
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being equal to or less than 196, the balance being made up of 
guide tubes and / or instrument tubes . 

In a fuel assembly formed of a 9 x 9 array, it is 
preferred that between 1 and 8 of the fuel rods are of the 
smallest type, between 8 and 42 of the fuel rods are of an 
intermediate type or types, that between 2 8 and 81 of the fuel 
rods are of the largest type, the total number of fuel rods 
being equal to or less than 81, the balance being made up of 
guide tubes and / or instrument tubes. 

In a fuel assembly formed of a 6 x 6 array, it is 
preferred that between 1 and 4 of the fuel rods are of the 
smallest type, between 4 and 16 of the fuel rods are of "an 
intermediate type or types, that between 10 and 36 of the fuel 
rods are of the largest type, the total number of fuel rods 
being equal to or less than 36, the balance being made up of 
guide tubes and / or instrument tubes. 

The largest size of fuel rods may be 75 to 98% of the 
diameter of the normal fuel rod diameter, and more preferably 
between 85 and 93% of the normal diameter. 

The smallest size fuel rod may be between 40 and 90% of 
the diameter of the normal fuel rod diameter, and more 
preferably between 60 and 85% of the normal diameter and 
ideally between 75 and 85%. 

The intermediate size or sizes may be provided at 70% to 
95% of the normal diameter of a fuel rod for that fuel 
assembly, and more preferably between 80% and 85% of the normal 
diameter. 

The normal pin / rod diameter may be between 1.5 and 
0. 85cm. 

Preferably the smallest size of fuel rods are provided at 
or adjacent to the periphery of the fuel assembly. It is 
particularly preferred that the smallest size of fuel rods be 
provided for the corner rods of a fuel assembly. 

Preferably at least 90% of the fuel rods, more than one 
fuel rod from the peripheral fuel rods of the assembly are of 
the largest size. Preferably less than 19%, more preferably 
less than 5% and ideally none of the peripheral fuel rods of 
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the assembly are of the largest size. Up to 25% of the 
peripheral fuel rods may be provided of the largest size. 
Preferably at least 90% of the fuel rods adjoining the 
peripheral rods of the assembly are of the largest size. 

Between 0 and 50% of the fuel rods adjoining the 
peripheral fuel rods may be provided of the intermediate size 
or sizes. Preferably between 0 and 10% of the fuel rods 
adjoining the peripheral fuel rods are provided of the 
intermediate size or sizes. Between 50% and 100% of the fuel 
rods adjoining the peripheral fuel rods of the assembly may be 
provided of an intermediate size or sizes. 

Preferably between 25% and 100% of the peripheral fuel 
rods are provided of an intermediate size or sizes. More 
preferably between 80 and 95% of the peripheral fuel rods are 
of an intermediate size or sizes. Preferably all the 
peripheral fuel rods apart from fuel rods at the corners of a 
fuel assembly are of intermediate size or sizes. Preferably 
all the peripheral fuel rods are of the smallest or 
intermediate size or sizes. Intermediate fuel rods may be of 
one or more intermediate sizes. 

Preferably none of the fuel rods, other than potentially 
peripheral fuel rods or fuel rods adjoining peripheral fuel 
rods are of the smallest size. Preferably none of the fuel 
rods adjoining the peripheral fuel rods are of the smallest 
size. Between 1 fuel rod and 100% of the peripheral fuel rods 
may be of the smallest size. Preferably between 1 fuel rod and 
20% of the peripheral fuel rods are of the smallest size. 
Preferably the corner fuel rods of a fuel assembly are of the 
smallest size. 

Between 5 and 15% of the fuel rod spaces may be occupied 
by control rods and / or instrument tubes. 

Preferably the fuel is of the mixed oxide type. The 
plutonium content of the fuel may be between 3 and 20% and most 
preferably between 6 and 10%. Between 0 and 97% of non-fuel 
material may be provided to make up a fuel rod. The non fuel 
material may comprise additives and other materials other than 
plutonium dioxide and uranium dioxide. Preferably the balance 
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of the fuel rod contents comprise depleted uranium dioxide. 
Preferably the fuel is homogeneously provided. 

Preferably all of the fuel rods containing fuel material 
contain fuel material of the same type, for instance mixed 
oxide. Preferably the fuel rods are all provided of 
substantially the same enrichment, and preferably exactly the 
same enrichment of plutonium. The radial and / or axial 
enrichment of the fuel rods and / or their fuel level is 
preferably the same. 

The fuel rods may be provided in a square or hexagonal 
(WER) array. The fuel rods may be provided in a series of 
concentric circles within the fuel assembly bundle. 

The fuel assembly may be of the AGR type, CANDU type, 
hexagonal cross-section type (eg. WER type), BWR type or PWR 
type* 

References to diameters of fuel rods preferably refer to 
the external diameter of the fuel rods. 

The reactor may be of the AGR type, CANDU type, WER 
type, BWR type or PWR type. 

According to a second aspect of the invention we provide 
a nuclear reactor core incorporating one or more fuel 
assemblies according to the first aspect of the invention. 

The fuel assemblies incorporated in the second aspect of 
the invention may include any of the features, options, 
possibilities and details set out in the first aspect of the 
invention and elsewhere in this document. 

The core may include mixed oxide fuel assemblies and 
uranium dioxide fuel assemblies. 

According to a third aspect of the invention we provide 
a method of producing a fuel assembly for a nuclear reactor in 
which a plurality of fuel rods are inserted into the fuel 
assembly, at least two different diameters of fuel rod being 
provided. 

The fuel assembly and / or fuel rods provided in the 
third aspect of the invention may include the features, 
options, possibilities and details set .out elsewhere in this 
document . 
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According to a fourth aspect of the invention we provide 
a method of loading a nuclear reactor core comprising inserting 
a new fuel assembly, or refuelling a nuclear reactor core 
comprising removing a fuel assembly and inserting a new 
assembly, in which the new fuel assembly is provided according 
to the first aspect of the invention and/or produced according 
to the method of the third aspect of the invention. 

According to a fifth aspect of the invention we provide 
a fuel assembly for a nuclear reactor core, and/or a nuclear 
reactor core incorporating a fuel assembly, in which the fuel 
assembly has the ratio of the average power of the peak pin in 
the assembly to the average power of the average pin in the 
assembly is less than 1.25, with the fuel in the fuel assembly 
and / or reactor core being provided at a single enrichment • 

Preferably the ratio is less than 1.23, more preferably 
less than 1.22, ideally less than 1.21 and even less than 
1.205. 

Preferably the fuel assembly includes one or more mixed 
oxide fueled rods. 

The peak pin may be one or all of the corner pins of the 
fuel assembly. 

According to a sixth aspect of the invention we provide 
a mixed oxide fuel assembly for a nuclear reactor core, and/or 
a nuclear reactor core incorporating a mixed oxide fuel 
assembly, in which the mixed oxide fuel assembly, at least in 
part, has a moderator volume to fuel volume ratio of greater 
than 2 . 

Preferably the ratio is greater than 2.1, more preferably 
greater than 2.5, ideally greater than 3 and even greater than 
3.5. 

The moderate volume to fuel volume ratio may be greater 
than 2 for the fuel assembly as a whole. The moderator volume 
to fuel volume ratio may be greater than 2 for the peripheral 
fuel rods and / or the peripheral and adjoining fuel rods. 

Various embodiments of the invention will now be 
described, by way of example only, and with reference to the 
accompanying drawing, in which 
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Figure 1 illustrates in a perspective view a fuel 
assembly; 

Figure 2 illustrates pin powers for an unzoned enrichment 
MOX assembly; 

Figure 3 illustrates pin powers for a zoned enrichment 
MOX assembly; 

Figure 4 schematically illustrates the diametrically 
zoned MOX assembly of one embodiment of the present invention; 

Figure 5 illustrates the variation of lifetime average 
reactivity value for a U0 2 and for a MOX assembly with varying 
moderator to fuel volume ratios; 

Figure 6 indicates the ration of Pu output / Pu input 
variation with moderator to fuel volume ratio variation; and 

Figure 7 illustrates an alternative diametrically zoned 
MOX assembly. 

UO a fuel assemblies have been very widely used and there 
is increasing use of MOX fuels in such assemblies. As 
illustrated in Figure 1 the assemblies originally used for UO a 
and subsequently used for MOX fuels consist of a large number 
of parallel identical diameter fuel rods 1 held within various 
support components 10. 

The adoption of identical assemblies has attractions in 
avoiding the need for the production of new fuel rods and fuel 
assemblies and also in terms of the reduced amount of 
regulatory scrutiny involved in adapting a proven format as 
against a brand new format . 

The nature of MOX fuel, however, causes difficulties if 
a single enrichment is used throughout the fuel assembly. 
Figure 2 indicates the significant and problematical power 
peaking which occurs should all the fuel rods be the same. 
Power peaking is defined as the ratio of the average power of 
the peak pin within an assembly to the average power of the 
average pin in that assembly. The type of level seen in Figure 
2, 1.5 times, is intolerably high. 

To counter these difficulties a system of different 
enrichment zones within the assembly of identical diameter fuel 
rods is used with edge rods having a lower enrichment than core 
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rods and with corner rods having a still lower enrichment. The 
power peaking benefits obtained with this structure are 
illustrated in Figure 3- The ration here has been reduced down 
to 1.242 times. 

Whilst operating problems are overcome to an extent with 
this type of arrangement the manufacturing problems are 
significantly increased. A fuel assembly for any given reactor 
core now necessitates the production of at least three 
different enrichments of MOX. To achieve this the first 
enrichment must be run through the plant, the plant shutdown, 
cleaned and then brought back on line at the second enrichment, 
with a further repeat to achieve the third enrichment. The 
shutdown time at each stage is in the order of several days and 
is a substantial cost as a result. 

The present invention addresses this problem by 
eliminating or reducing the need for different enrichments. 
The cost benefits of doing so significantly more than cover the 
cost increases of the more complicated fuel assembly proposed* 
In addition the fuel assembly, in its modified form, provides 
large operational benefits in terras of in-reactor fuel 
performance, energy production and plutonium burning. 

The assembly profile according to an illustration of the 
invention is set out in Figure 4. The assembly employs three 
different diameter fuel rods, defined relative to a normal 
value for the fuel assembly type in question of 0.4096cm 
radius, positioned in certain zones within the overall 
assembly. 

The three diameters are 

i) 0.9 x normal diameter (clear squares) 

ii) 0.825 x normal diameter (cross squares) 

iii) 0.8 x normal diameter (dark squares) 

The smallest diameter rods are positioned at the corners 
50 of the assembly, whereas the larger rods 55 are positioned 
in the core. The intermediate diameter rods 60 are used for 
the non-corner periphery. As usual provision is also made for 
instrument/guide tubes 65. 
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The arrangement illustrated, when operated at the average 
MOX level of the Figure 3 scenario, gave a power peak ratio of 
1.209; considerably lower than the 1.242 achieved by the zoned 
enrichment design. 

As well as achieving improved power peak ratios the 
reduction in the effective amount of fuel in the assembly also 
increases the moderator to fuel ratio within the assembly which 
makes better use of the plutonium with respect to reactivity. 

The normal pin diameter (outside diameter of the fuel 
rod) relative to which the sizes are considered are the usual 
sizes for the various fuel assembly types. These include: 



PWR 0.8 - 1.5cm 

BWR 0.9 - 1.5cm 

VVER 0.9 - 1.1cm 

CANDU 1.3 - 1.6cm 

PHWR 1.52cm 

AGR 1-4 - 1.6cm 



Figure 5 illustrates the variation of lifetime average 
reactivity with moderator to fuel ratio for a U0 2 assembly, 
line 100 and for a MOX assembly 102. 

Current UO a fuel assembly designs are based around a 
ratio of moderator to fuel, dotted line 104 that is to the left 
of the peak reactivity. The reasoning for this is that should 
there be a drastic loss of moderator material from the assembly 
the variation in the ratio brings the reactivity down the 
curve, i.e. to the left in the figure, away from the peak value 
106. 

The effect of this ratio when MOX fuel is placed in 
mechanically equivalent assemblies is that the LWR is at best 
the same intersection of dotted line 104 with line 102. This 
ratio is not ideal for MOX assemblies; reactivity and hence 
energy output is impaired by the restrictions imposed on the 
moderator to fuel ratio set by the mechanical arrangement of 
the rods. 
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By varying the diameter of the rods the ratio of the 
moderator volume to fuel volume is increased for the assembly. 
The result is a shift to the right in Figure 5 and hence a 
shift up the reactivity curve for the MOX as the level of 
neutrons is moderated to an extent where the probability of 
fission of the fissile isotopes increases. A clear benefit 
arises. A moderator volume to fuel volume of 2 . 8 can readily 
be achieved for 17 x 17 PWR assemblies by using the present 
invention. 

Additionally, the volume ratio of moderator to fuel has 
an effect, due to the effect discussed above in relation to 
Figure 5, on the rate of consumption of plutonium by the 
reactor. The variation is illustrated in Figure 6 with the 
ratio of Pu out/ Pu in being higher (less burns) for a 
moderator to fuel ratio of 2 than for a moderator to fuel ratio 
of 3. A ratio of 2 gives approximately 25% plutonium burn in 
a typical reactor cycle whereas a ratio of 3 gives 40% burn. 
Increased plutonium consumption is therefore achieved by the 
present invention. This is a desirable aim, for instance in 
disposing of decommissioned high enrichment plutonium. 

Figure 7 illustrates another variation of the diametric 
zoning with regard to an 8 x 8 BWR design. The lowest diameter 
rods 50 are provided at the corner locations, with a first 
intermediate size of rods 60 at the other locations on the 
periphery, a second larger size of intermediate sized fuel rods 
62 at the non-corner locations of the fuel rods adjacent the 
peripheral fuel rods and larger size rods 55 in the core. The 
remaining fuel rod portions are taken up by Gd rods 64 and 
normal radius water tubes 66. A variety of arrangements within 
the spirit of the invention can be provided. 

Models of the diametrically zoned fuel assemblies with 
MOX fuel sourced from PWR, AGR and Magnox reactors were 
compared with model results from an enrichment zoned MOX 
assembly with the results set out in Table 1:- 
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The modelling results indicate that:- 

a. the cycle lengths for all the sources of 
diametrically zoned MOX were greater than for the enrichment 
zoned MOX; 

b. the maximum pin averaged power, F^, was within 
acceptable levels in all cases; 

c. the peak power pin occurred within adjacent U0 2 
assemblies, aiding the safety case as a large body of 
information is available on the operating levels for such 
assemblies ; 

d. total control worth in diametrically zoned 
assemblies is far higher than for enrichment zoned assemblies, 
so increasing the shut down safety margin to levels equivalent 
to or even better than for U0 2 assemblies; 

e. boron coefficient parameters were met and the 
required concentrations of boron were lower than for enrichment 
zoned assemblies; and 

f . moderator temperature coefficients were also within 
acceptable bounds. 
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CLAIMS : 

1. A mixed oxide fuel assembly for a nuclear reactor in 
which the fuel assembly comprises a plurality of fuel rods, a 
largest diameter fuel rod type, a smallest diameter fuel rod 
type, and one or more intermediate size fuel rod types being 
provided, between 25% and 100% of the peripheral fuel rods 
being provided of the intermediate size or sizes fuel rod type, 
the corner rods of the fuel assembly being of the smallest size 
fuel rod type. 

2. A fuel assembly according to claim 1 in which all the 
smallest size of fuel rods are provided at or adjacent to the 
periphery of the fuel assembly. 

3. A fuel assembly according to claim 1 or claim 2 in which 
the smallest size of fuel rods has a diameter which is between 
60 and 85% of the normal diameter of a fuel rod for the fuel 
assembly. 

4 . A fuel assembly according to any preceding claim in which 
the smallest size fuel rod type comprises between 4 fuel rods 
and 12% of the fuel rods. 

5. A fuel assembly according to any preceding claim in which 
the fuel assembly is provided with between 5% and 75% of fuel 
rods of intermediate size or sizes. 

6. A fuel assembly according to any preceding claim in which 
between 80% and 95% of the peripheral fuel rods are provided of 
intermediate size or sizes. 

7 . A fuel assembly according to any preceding claim in which 
all the peripheral fuel rods apart from fuel rods at the 
corners of a fuel assembly are of intermediate size or sizes. 
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8. A fuel assembly according to any preceding claim in which 
between 0 and 50% of the fuel rods adjoining the peripheral 
fuel rods are provided of the intermediate size or sizes. 

9. A fuel assembly according to any preceding claim in which 
between 50% and 100% of the fuel rods adjoining the peripheral 
fuel rods are provided of an intermediate size, 

10. A fuel assembly according to any preceding claim in which 
the largest diameter fuel rod type comprises between 10 and 95% 
of the fuel rods in the assembly. 

11. A fuel assembly according to any preceding claim in which 
at least 50% of the fuel rods, more than one fuel rod from the 
peripheral fuel rods of the assembly are of the largest size. 

12. A fuel assembly according to any preceding claim in which 
less than 5% of the peripheral fuel rods of the assembly are of 
the largest size. 

13. A fuel assembly according to any preceding claim in which 
the largest size of fuel rods is 75 to 98% of the diameter of 
the normal fuel rod diameter for such a fuel assembly. 

14. A fuel assembly according to any preceding claim in which 
the intermediate size or sized fuel rods are between 70 and 95% 
of the diameter of the normal fuel rod diameter for such a fuel 
assembly. 

15. A fuel assembly according to any preceding claim in which 
the fuel rods are all provided of substantially the same 
enrichment of plutonium. 

16 . A nuclear reactor core incorporating one or more fuel 
assemblies according to any of claims 1 to 15. 
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17. A method of producing a fuel assembly for a nuclear 
reactor in which a plurality of fuel rods are inserted into the 
fuel assembly, a largest diameter fuel rod type, a smallest 
diameter fuel rod type, and one or more intermediate size fuel 
rod types being provided, between 25% and 100% of the 
peripheral fuel rods being provided of the intermediate size or 
sizes fuel rod type, the corner rods of the fuel assembly being 
of the smallest size fuel rod type. 

18. A method of loading a nuclear reactor core comprising 
inserting a new fuel assembly, or refuelling a nuclear reactor 
core comprising removing a fuel assembly and inserting a new 
assembly, in which the new fuel assembly is provided according 

. to any of claims 1 to 15 and/or produced according to the 
method of claim 16. 

19. A fuel assembly for a nuclear reactor core, and/or a 
nuclear reactor core incorporating a fuel assembly, in which 
the fuel assembly has the ratio of the average power of the 
peak pin in the assembly to the average power of the average 
pin in the assembly is less than 1.25, with the fuel in the 
fuel assembly and / or reactor core being provided at a single 
enrichment. 
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